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and muscle atrophy F-box (MAFbx)/atrogin-1 are ubiquitin protein ligases and important molecular 114 markers for evaluating skeletal muscle atrophy (Foletta et al. 2011 ). The ubiquitin proteasome 115 system depends on multiple proteasomes, of which 26S proteasome can cleave the target protein as 116 peptides (Chen et al. 2015) . 26S proteasome is composed of 20S proteasome which mediates the 117 activity of chymotrypsin and trypsin, and plays an important role in ubiquitin protease system 118 (Souza et al. 2014). We previously found that calpain-1 and calpain-2 protein expression is 119 decreased in the soleus muscle, but unchanged in the extensor digitorum longus (EDL) muscle in 120
Daurian ground squirrels during hibernation, whereas the expression of calpastatin, an endogenous 121 inhibitor of calpains, is increased in both (Chang et al. 2018b ). Calpain can degrade substrates such 122 as desmin, troponin T, troponin I, titin, alpha-fodrin and alpha-actinin, (Barta et al. 2005) . Desmin 123 and troponin T are more sensitive to calpain than other substrates (Li et al. 2017 ). Desmin is located 124 around the Z-discs and connects the adjacent Z-discs to the sarcolemma and the nucleus (Capetanaki 125 et al. 1997 ). Troponin T plays an important role in regulating protein system, which can bind to 126 tropomyosin to form a complex (Perry 1998). Furthermore, various stress conditions (including 127 fasting, oxidative stress, and hypoxia) can induce autophagy as an adaptive physiological response 128 to restore cell metabolism. Increased autophagy is a survival-promoting mechanism rather than a 129 death-promoting mechanism ( important pro-survival mechanism in myocardial hibernation (May et al. 2008 ). However, previous 131 study has indicated that autophagy is inhibited in fast muscles, including quadriceps and anterior 132 tibial muscles, of hibernating thirteen-lined ground squirrels (Andres-Mateos et al. 2013). Therefore, 133
we hypothesize that the opposite adaptabilities of skeletal muscles in hibernating Daurian ground 134 squirrels, that is, hypertrophy and atrophy, are due to changes in the balance between protein 135 synthesis and degradation. 136
Muscle regeneration includes an increase in protein synthesis (hypertrophy) and proliferation of 137 muscle satellite cells (hyperplasia) and is a repair mechanism of muscle injury (Zanou and Gailly 138 2013). Previous studies have shown that the regeneration potential of disused skeletal muscle is is involved in maintaining muscle quality in hibernating small mammals. For example, previous 152 studies have reported no atrophy in muscles ablated of satellite cells in hibernating thirteen-lined 153 ground squirrels (Andres-Mateos et al. 2012), but also reported that muscle satellite cells are not 154 quiescent and actually increase during hibernation (Brooks et al. 2015) . Therefore, in the current 155 study, we attempted to clarify any differences in regeneration between two types of skeletal muscle 156 with different adaptive changes, and whether regeneration plays a differential regulatory role in 157 muscle maintenance in hibernating Daurian ground squirrels. 158
In this study, we examined two fast-type muscles (diaphragm and gastrocnemius) that exhibit 159 different adaptative changes during hibernation (hypertrophic and atrophic adaptation, respectively) 160
in Daurian ground squirrels. To elucidate the differential regulation of protein metabolism and 161 muscle regeneration in the two types of skeletal muscle, we measured the CSA, fiber type 162 distribution, protein synthesis metabolism (protein expression of P-Akt, P-mTORC1, P-S6K1, and 163 P-4E-BP1), protein degradation metabolism (MuRF1, atrogin-1, calpain-1, calpain-2, calpastatin, 164 desmin, troponin T, Beclin1 and LC3-II), proteasome activity, and muscle regeneration (MyoD, 165 myogenin and myostatin) in the diaphragm and gastrocnemius muscles of summer active (SA) and 166 hibernating (HIB) Daurian ground squirrels. 167
Methods 168

Acquisition and use of animals 169
The animals' acquisition and use were approved by the Northwest University Ethics Committee. China and fed with water and rat chow ad libitum. The ground squirrels were moved to a cold room 173 at 4-6℃ when they entered torpor in November with 1 individual per cage. The ground squirrels 174 used in this experiment were in a natural hibernation state. The time of entering torpor was judged 175 by putting sawdust on the back of each individual and reducing a body temperature (Tb) below 9℃. 176 Tb was measured by thermal imaging using a visual thermometer (Fluke VT04 Visual IR 177 Thermometer, USA). According to our observations, the ground squirrels did not eat and drink after 178 entering torpor state. Moreover, most ground squirrels recovered to hibernation state after 1-2 days 179 of interbout arousals. The ground squirrels were divided into 2 groups randomly (n = 8, with 5 180 females and 3 males in each group): (1) summer active (SA): active ground squirrels in July with a 181
Tb of 36-38℃; (2) hibernation (HIB): ground squirrels experiencing two months of hibernation with 182
Tb maintained at 5-8℃ and were sampled in torpor state. 183
Muscle collection 184
After the body weight was recorded, the ground squirrels were anesthetized with 90 mg/kg 185 sodium pentobarbital intraperitoneally. Then the diaphragm and gastrocnemius muscles from both 186 legs were separated and removed. Subsequently, the muscle samples were put into liquid nitrogen 187 6 and stored for the follow-up experiments. The animals were sacrificed by an overdose injection of 188 sodium pentobarbital while finishing surgical intervention. 189
Immunofluorescent analysis 190
The muscle fiber cross-sectional area (CSA) and fiber type composition were measured by 191 immunofluorescent analysis as described by our laboratory previously (Chang et al. 2018b ). Briefly, 192 5 mm of the mid-belly of lateral gastrocnemius muscle was cut into 10-μm thick frozen muscle 193 cross-sections at -20℃ with a cryostat (Leica, Wetzlar, CM1850, Germany). Because of the uneven 194 thickness of the diaphragm, the fixed geometric position of the muscle strips was cut for slicing (see 195 the yellow box in Figure 1A ). Then the slides with sections were fixed in 4% paraformaldehyde for 196 488-labeled anti-rabbit antibody (Thermo Fisher Scientific, A-21235). Next, anti-laminin rabbit 210 polyclonal antibody was incubated overnight at 4℃ and followed by Alexa Fluor 647-labeled anti-211 rabbit antibody. The staining method of anti-MYH4 (IIb) rabbit antibody (1:100, Santa Cruz 212 Biotechnology, #34820) was the same as that of anti-MYH2 (IIa) rabbit antibody, only the first 213 antibodies were different, with anti-MYH4 (IIb) rabbit antibody followed by Alexa Fluor 488-214 labeled anti-rabbit antibody. Photographs were acquired by using confocal microscopy (Olympus, 215 T (1:1,000, Sigma, T6277), MuRF1 (1:1000, Abcam, ab172479), atrogin-1 (1:1,000, Proteintech, 241 12866-1-AP), Beclin1 (1:1000, CST, 3738), LC3 (1:1000, abcam, ab48394), MyoD (1:1,000, 242 proteintech, 18943-1-AP), myogenin (1:1,000, abcam, 124800) and myostatin (1:1,000, proteintech, 243
19142-1-AP) antibodies, respectively, in TBS containing 0.1% BSA at 4℃ overnight. Then the 244 membrane was washed with TBST for 4 times (10 minutes/time) and incubated with HRP-245 conjugated anti-mouse secondary antibody (1:10000, Thermo Fisher Scientific, A28177) or HRP-246 conjugated anti-rabbit secondary antibody (1:5000, Thermo Fisher Scientific, A27036) for 2 h at 247 room temperature. Then the PVDF membrane was washed for 3 times (10 min/time). The 248 fluorescent band were visualized using enhanced chemiluminescence reagents (Thermo Fisher 249 Scientific, NCI5079). The NIH Image J software was used to carry out quantification analysis. The 
Statistical analyses 255
All data were analyzed using SPSS 19.0 and expressed as means ± SEM. An independent-samples 256 t-test was used to determine the significant differences between SA and HIB ground squirrels. A 257 value of P < 0.05 was considered to be statistically significant. 258
Results 259
Body weight and muscle wet weight 260 8 As shown in Table 1 , the body weight of HIB group was significantly reduced by 11% (P < 0.05) 261
as compared with SA group at experiment time. 262
Compared with SA group, the muscle weight of the gastrocnemius muscle in the HIB group was 263 significantly reduced by 18% (P < 0.05), while the muscle weight of the diaphragm muscle was 264 significantly increased by 14% (P < 0.05) ( Figure 1B) . 265
Fiber CSA and fiber type distribution 266
The CSA and fiber type distribution of the diaphragm and gastrocnemius (lateral) muscle fibers 267
were measured by immunofluorescent staining. Compared with the SA group, the CSA of the 268 diaphragm muscle increased significantly (26.1%, P < 0.05), whereas that of the gastrocnemius 269 muscle decreased significantly (20.4%, P < 0.05) in the HIB group ( Figure 1C and 1D) . 270
As shown in Figure 2A , results showed that both the MHCI and MHC II fiber isoforms were 271 expressed in the diaphragm and gastrocnemius muscles. The percentage of type I fibers in the 272 diaphragm and gastrocnemius muscles was significantly increased (33% and 36%, respectively, P 273 < 0.05) in the HIB group compared with that in the SA group ( Figure 2B MHC I protein expression level in the HIB group was significantly increased by 1.41-fold (P < 0.05) 285 and 2.07-fold (P < 0.05) in the diaphragm and gastrocnemius muscles, respectively ( Figure 3A and 286 3B). In the diaphragm muscle, the protein expression level of MHC IIa was decreased significantly 287 in the HIB group compared with that in the SA group (28%, P < 0.05). However, the MHC IIa 288 expression was significantly increased by 1.34-fold (P < 0.05) in the gastrocnemius muscle of the 289 HIB group as compared with SA group (Figure 3A and 3C) . The protein expression level of MHC 290
IIb was significantly increased by 1.36-fold (P < 0.05) in the diaphragm muscle, while it was 291 significantly decreased by 34% (P < 0.05) in the gastrocnemius muscle in the HIB group compared 292 with that in the SA group ( Figure 3A and 3D) . The protein expression level of MHC IIx in the 293 diaphragm and gastrocnemius muscles in the HIB group was 1.48-fold (P < 0.05) and 1.3-fold (P < 294 0.05) higher than that in the SA group, respectively ( Figure 3A and 3E) . Compared with that in the SA group, MuRF1 protein expression significantly decreased in the 298 diaphragm muscle (16.0%, P < 0.05), but significantly increased in the gastrocnemius muscle (1.3-299 fold, P < 0.05) in the HIB group ( Figure 4A and 4B) . The expression level of atrogin-1 was 300 significantly decreased by 17% (P < 0.05) in the diaphragm muscle, while it was significantly 301 increased by 1.3-fold (P < 0.05) in the gastrocnemius muscle in the HIB group compared with that 302 in the SA group ( Figure 4A and 4C) . In addition, autophagy-related proteins Beclin1 and LC3-II 303 both showed significant increases (1.2-fold and 1.5-fold, respectively, P < 0.05) in the diaphragm 304 muscle of the HIB group compared with that in the SA group. In contrast, both were significantly 305 decreased in the gastrocnemius muscle (32.6% and 31.9%, respectively, P < 0.05) of the HIB group 306 compared with that of the SA group ( Figure 4A, 4D and 4E) . 307
Proteasome activity 308
Compared with SA group, chymotrypsin and trypsin activities in HIB group were significantly 309 decreased by 60.5% and 52.8% (P < 0.05), respectively, in diaphragm muscle, but were significantly 310 increased by 32.7% and 79.9% (P < 0.05), respectively, in gastrocnemius muscle ( Figure 5A and 311 5B). 312
Protein expression levels of calpain-1, calpain-2, calpastatin, desmin and troponin T indicative 313 of protein degradation metabolism 314
The protein expression level of calpain-1 and calpain-2 both showed a significant decrease (30% 315 and 46.3%, respectively, P < 0.05) in the diaphragm muscle of the HIB group compared with levels 316 in the SA group. In contrast, calpain-1 and calpain-2 protein expression levels were significantly 317 increased in the gastrocnemius muscle (1.9-fold and 1.5-fold, respectively, P < 0.05) in the HIB 318 group compared with levels in the SA group ( Figure 6A, 6B and 6C ). Furthermore, contrary to 319 calpain-1 and calpain-2, calpastatin protein expression showed a significant 1.6-fold (P < 0.05) 320 increase in the diaphragm muscle, but a significant 32.6% (P < 0.05) decrease in the gastrocnemius 321 muscle of the HIB group compared with that in the SA group ( Figure 6A and 6D ). The protein 322 expression level of desmin was significantly increased by 1.51-fold (P < 0.05) in the diaphragm 323 muscle, while it was significantly decreased by 23% (P < 0.05) in the gastrocnemius muscle in the 324 HIB group compared with that in the SA group ( Figure 6A and 6E) . However, the protein 325 expression level of troponin T in both diaphragm and gastrocnemius muscles showed no significant 326 difference between the HIB and SA groups ( Figure 6A and 6F) . 327
Protein expression levels of P-Akt, P-mTORC1, P-S6K1 and P-4E-BP1 indicative of protein 328 synthesis metabolism 329
Western blots analysis was used to detect the protein expression levels of P-Akt, P-mTORC1, P-330 S6K1, and P-4E-BP1 in the diaphragm and gastrocnemius muscles. As shown in Figure 7 , P-Akt 331 protein expression significantly increased by 1.2-fold (P < 0.05) in the diaphragm muscle, but 332 significantly decreased by 55.3% (P < 0.05) in the gastrocnemius muscle in the HIB group versus 333 10 the SA group (Figure 7A and 7B) . Similarly, P-mTORC1 protein expression showed a significant 334 1.4-fold (P < 0.05) increase in the diaphragm muscle, but a significant 30.9% (P < 0.05) decrease 335 in the gastrocnemius muscle in the HIB group compared with that in the SA group ( Figure 7A and  336   7C) . Moreover, the P-S6K1 and P-4E-BP1 protein expression levels in the diaphragm muscle 337 increased significantly by 1.4-fold (P < 0.05) and 1.3-fold (P < 0.05), respectively, in the HIB group 338 compared with that in the SA group. In contrast, the P-S6K1 and P-4E-BP1 protein expression levels 339 in the gastrocnemius muscle decreased significantly by 30.9% (P < 0.05) and 22.7% (P < 0.05), 340 respectively, in the HIB group compared with levels in the SA group ( Figure 7A, 7D and 7E) . 341
Protein expression levels of MyoD, myogenin and myostatin indicative of muscle regeneration 342
MyoD and myogenin protein expression levels showed a significant 1.3-fold (P < 0.05) and 1.4-343 fold (P < 0.05) increase, respectively, in the diaphragm muscle, but a significant 26.7% (P < 0.05) 344 and 12.2% (P < 0.05) decrease, respectively, in the gastrocnemius muscle of the HIB group 345 compared with that of the SA group ( Figure 8A, 8B and 8C) . In contrast, the myostatin protein In the present study, changes in key signals of protein synthesis, protein degradation, and muscle 351 regeneration were detected to determine the mechanism(s) related to the differential adaptability of 352 the diaphragm and gastrocnemius muscles in hibernating Daurian ground squirrels. The wet weight 353 of the diaphragm muscle was significantly increased, while it was significantly decreased in 354 gastrocnemius muscle ( Figure 1B) . Due to its importance as a respiratory muscle, the CSA of the 355 diaphragm muscle fibers showed significant hypertrophy (26.1% increase) ( Figure 1C and 1D again demonstrates that there is a fast-to-slow fiber type transition in different skeletal muscles in 375 hibernating ground squirrels. In this study, we investigated the mechanism(s) related to the 376 differences in the physiological adaptations of the diaphragm and gastrocnemius muscles in 377
hibernating Daurian ground squirrels from three aspects: i.e., protein synthesis, protein degradation, 378 and muscle regeneration. indicating that high MuRF1 and atrogin-1 protein expression may be involved in protein degradation 394 and gastrocnemius muscle atrophy. In contrast, we found that MuRF1, atrogin-1 protein expression, 395 chymotrypsin and trypsin activities were significantly decreased in the diaphragm muscle, which 396 may be an anti-atrophy mechanism of this muscle in hibernating Daurian ground squirrels. 397
The calpain system plays an essential role in muscle protein degradation and is a likely component respectively, whereas that of calpastatin increased by 60% in the diaphragm muscle of hibernating 410 ground squirrels compared with the summer active group (Figure 6B, 6C and 6D) . Higher calpain-411 1 (1.44-fold) and calpain-2 (2.38-fold) activity has also been observed in the longissimus dorsi and 412 soleus muscles of hibernating long-tailed ground squirrels (Spermophilus undulates) compared with Our study showed that desmin was significantly decreased in the 415 gastrocnemius muscle of the HIB group and significantly increased in the diaphragm muscle 416 compared with the SA group, however, troponin T showed no significant changes between the 417 gastrocnemius and diaphragm muscles (Figure 6) , which indicated that different substrates have 418 different sensitivity to the calpain system. Our previous study showed desmin expression was 419 unchanged in soleus muscle and extensor digitorum longus muscle of Daurian ground squirrels 420 during hibernation, but was significantly reduced by 39-51% in hindlimb unloading rats (Chang et 421 al. 2018b ). Our recent study also showed that the protein expression of desmin in gastrocnemius 422 muscle was significantly decreased, while troponin T was unchanged during hibernation in Daurian 423 ground squirrels (Ma et al. 2019). Therefore, our data suggest that the muscle-specific activation of 424 regulation of Beclin1 mRNA and induction of autophagy in soleus muscle atrophy (Cannavino et 436 al. 2014 ). In the current study, the protein expression levels of Beclin1 and LC3-II in the 437 gastrocnemius muscle of hibernating ground squirrels were significantly lower (Beclin1, −31.9%, 438 LC3-II, −32.6%, P < 0.05) than those in the summer active group, whereas the expression levels of 439
Beclin1 and LC3-II in the diaphragm muscle were significantly higher (Beclin1, 46%, LC3-II, 440 22.2%, P < 0.05). Our results showed that autophagy was suppressed in the gastrocnemius muscle In the present study, four protein synthesis markers, i.e., P-Akt, P-mTORC1, 455 P-S6K1, and P-4E-BP1, were significantly increased by 17%, 37%, 40%, and 31% (P < 0.05), 456 respectively, in the diaphragm muscle, but were significantly decreased by 55%, 31%, 42% and 23% 457 (P < 0.05), respectively, in the gastrocnemius muscle during hibernation compared with levels 458 during summer activity (Figure 7) . Similar to our findings in the gastrocnemius muscle, Akt activity Whether muscle regeneration potential in different skeletal muscles is altered in response to 469 hibernation has remained unexplored. Here, we determined the protein expression levels of key 470 markers, such as MyoD, myogenin, and myostatin, in satellite cell regulatory pathways. The 471 expression level of MyoD showed a significant 1.3-fold (P < 0.05) increase in the diaphragm muscle, 472 but a significant 26.7% (P < 0.05) decrease in the gastrocnemius muscle of hibernating squirrels 473 compared with the active group (Figure 8A and 8B) . in MyoD protein levels, but a decrease in mRNA transcript levels in several hindlimb thigh muscles 480 of thirteen-lined ground squirrels during hibernation (Tessier and Storey 2010). Therefore, our data 481 suggest that the differential regulation of MyoD protein expression in muscle regeneration may be 482 involved in the different adaptabilities of the diaphragm and gastrocnemius muscles in ground 483
squirrels. 484 14
Previous studies have found that myogenin protein content is severely decreased (e.g., by 63%) 485 in the diaphragm muscle after mechanical ventilation (Maes et al. 2008 ). Furthermore, although 486 myogenin mRNA expression showed no change in 7-d immobilized mice (Guitart et al. 2018) , 487 levels were found to double (P < 0.05) following two weeks of immobilization in healthy young 488 men (Wall et al. 2014 ). In the current study, the expression level of myogenin showed a significant 489 1.4-fold (P < 0.05) increase in the diaphragm muscle, but a significant 12.2% (P < 0.05) decrease 490 in the gastrocnemius muscle of the hibernating squirrels compared with the summer active squirrels 491 ( Figure 8A and 8C) . Consistent with our diaphragm muscle results, myogenin is reported to be up- regeneration in the diaphragm and gastrocnemius muscles of hibernating animals, whereby the 520 muscle regeneration potential of the diaphragm is enhanced and that of the gastrocnemius muscle 521 is weakened. Variations in muscle regeneration ability may participate in the different adaptive 522 15 mechanisms of muscles in hibernators. A major novelty in the current study was our use of two 523 different types of skeletal muscle to clarify muscle regeneration potential in hibernation. 524
In conclusion, different patterns of protein synthesis, protein degradation, and muscle 525 regeneration were demonstrated in gastrocnemius muscle atrophy and diaphragm muscle 526 hypertrophy during hibernation. Specifically, in the gastrocnemius muscle, protein synthesis, 527 autophagy, and muscle regeneration were suppressed, and protein degradation was promoted, which 528 likely contributed to muscle atrophy. In contrast, in the diaphragm muscle, protein synthesis, 529 autophagy, and muscle regeneration were promoted, and protein degradation was inhibited, which 530 likely contributed to muscle hypertrophy. Thus, the changes in protein synthesis and degradation 531 displayed muscle specificity during hibernation. Collectively, the differences in muscle regeneration 532 potential and regulatory patterns of protein metabolism may contribute to the different adaptabilities 533 of the diaphragm and gastrocnemius muscles in Daurian ground squirrels during hibernation. 
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